Abstract. A main concern surrounding (shale) gas production and exploitation is the leakage of methane, a potent greenhouse gas. High leakage rates have been observed outside of Europe but the representativeness of these observations for Europe is unknown. To facilitate the monitoring of methane leakage from a future shale gas industry in Europe we developed potential production scenarios for ten major shale gas plays and identified a suitable tracer in (shale) gas to distinguish oil and gas related emissions from other methane sources. To distinguish gas leakage from other methane sources we propose ethane, a known tracer for leakage from oil and gas production but absent in emissions from other important methane sources in Europe. Ethane contents for the ten plays are estimated from a European gas composition database and shale gas composition and reservoir data from the US, resulting in three different classes of ethane to methane ratios in the raw gas (0.015, 0.04 and 0.1). The ethane content classes have a relation with the average thermal maturity, a basic shale gas reservoir characteristic, which is known for all ten European shale gas plays. By assuming different production scenarios in addition to a range of possible gas leakage rates, we estimate potential ethane tracer release by shale gas play. Ethane emissions are estimated by play following a low, medium or high gas production scenario in combination with leakage rates ranging from 0.2 %-10 % based on observed leakage rates in the US.
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Introduction
Power generation using natural gas or shale gas is less carbon-intensive than coal by approximately half (IPCC, 2011) . Therefore, conventional gas and/or shale gas could be an important transition fuel to future low carbon sustainable energy systems. However, one of the main concerns surrounding (shale) gas production and exploitation is the leakage of methane (CH 4 ), a potent greenhouse gas with a global warming potential of 28 (IPCC, 2013) . Literature suggests that with leakage rates ≥ 3 % of the gas production, the advantage of gas over coal in electricity production may be lost (Alvarez et al., 2012) .
Future shale gas production in Europe will occur in a complex landscape with many different sources of methane present such as animal husbandry and/or wetlands. This complicates the identification of methane leakage during (shale) gas production. In addition, methane has a lifetime of about 10 years, which results in a high background concentration that easily obscures any local source contribution. These problems can be overcome by using unique tracers such as isotopes or co-emitted (hydrocarbon) species (see e.g. Petron et al., 2012; Roscioli et al., 2015; Yacovitch et al., 2017) . Isotopic analysis is however expensive and complicated. Currently the most widely used tracer for shale gas and natural gas emissions is the co-emitted hydrocarbon ethane (C 2 H 6 ) sometimes in combination with propane (Schwietzke et al., 2014; Roscioli et al., 2015; Dalsøren et al., 2018) . If concentrations of these species are measured simultaneously, the information on the co-emitted ethane can be used as a marker to differentiate between biogenic and thermogenic methane and quantify the source strength of gas leakage. In this paper we investigate the potential ethane release for various shale gas Table 1 . Most promising shale gas plays in Europe based on US EIA (Kuuskraa et al., 2013) and TNO data, recoverable reserve (dry or wet gas), average thermal maturity (Ro), estimated C 2 /C 1 ratio and range of C 2 H 6 leakage rates following different shale gas production scenarios. Figure 1 . The location of the selected shale gas plays (see also Table 1 ). Note that play number 1 (Weald Basin) shown here is not further used as it contains mostly shale oil and only little shale gas.
production scenarios in Europe as an indicator of gas leakage losses.
2 Location of European shale gas plays and potential production Based on estimated reserves by US-EIA (Kuuskraa et al., 2013) and Zijp (2015) ten major shale gas plays are identified in seven EU Member States (Table 1) . These plays are considered the most promising and form the basis for the proposed production scenarios. Current best estimates of the risked (risk-adjusted) technically recoverable resources are used to assess the potential amount of gas that can be produced. Maps of geologic formations and thermal maturity and US-EIA data (Kuuskraa et al., 2013) are consulted to estimate the location, area and extent of the plays, as well as their average thermal maturities (which has important implications for the raw gas composition).
A number of assumptions are made with regard to the pace at which a shale gas industry will mature and subsequently how long Europe's shale gas reserves will last. We assume a relatively fast development into a sizable industry with sustained production over a longer period of time, assuming no further obstacles e.g. with regard to social acceptance of shale gas production. A number of considerations and storylines are tested with regard to how long reserves would last, resulting in different predictions of potential sustained production:
-For the Netherlands and the UK (two major gas consumers and producers), estimated national shale gas reserves could cover their own demand for about 10 years. However, to guarantee a sufficient return on investment a sustained production for the technical lifetime of infrastructures (20-30 years) would be more likely.
-Phase-out of coal-based electricity could reduce CO 2 emissions from the EU. The projected coal-based electricity generating capacity in 2030 according to the EU Reference Scenario (EC, 2016) could be covered by shale gas production for 70 years.
-We estimated that in the current economic climate an annual drilling rate around between 200 and 350 wells would be the most likely for the UK and Germany, resulting in the combined reserves for these two countries to last 100-150 years.
The above considerations and variation in production times lead us to propose three possible shale gas production rates based on three estimated intervals during which reserves would be exhausted; low, medium and high production rates during which reserves are exhausted in 150, 70 and 30 years, respectively. Table 1 shows the resulting projected annual production per shale gas play, assuming all plays to be exploited concurrently, at a constant rate in the indicated time slot.
Derived fugitive emissions of methane and ethane
Atmospheric measurements of methane and ethane over a large production area can be used to make top-down assessments of overall methane leakage. The overall methane source strength can be expressed as a loss fraction (leakage rate) of total production within the domain of study (Alvarez et al., 2018) . Peischl et al. (2015) compiled such top-down estimates of methane leak rates using airplane flights with air masses sampling over three of the largest shale gas plays in the US and quantified the net methane emissions using a mass balance method. Methane leakages of 0.25 % up to ∼ 9 % of total production have been observed (Peischl et al., 2015) . The shale gas plays studied accounted for over 50 % of the US shale gas production in 2013 and hence provide a representative range. Since the top-down method provides an integrated estimate, it is not fully understood why the loss rates vary so much between plays but contribution and behaviour of super-emitters is currently under investigation (Zavala-Araiza et al., 2017) . Regardless of the representativeness for Europe, it can be concluded that with a leakage range of 0.2 %-10 % all possible scenarios based on available US data are covered, taking note of the fact that 10 % would be considered an extreme worst case scenario.
Estimates for shale gas based on raw gas composition
An extensive database of raw (well head) natural gas composition data is compiled from publicly available data and from existing (partly confidential) databases by TNO (Doornenbal, 2010 ). The focus is primarily on conventional on-shore natural gas production but for the UK, the Netherlands and Denmark off-shore gas production is included as well. Doornenbal (2010) collected over 2000 records of measured raw gas composition data for the range C 1 to C 5 . The best represented countries are the Netherlands, Germany and Poland, followed by Denmark and UK with considerable coverage, and limited data for France, Italy and Romania. The frequency distribution of the observed ethane to methane molar ratio (C 2 /C 1 ) is shown in Fig. 2a . The median value of this ratio (0.038) corresponds to an ethane volume percentage of ∼ 3.2 %. The observed ethane to methane ratios are apparently lognormally distributed over a three decade range (0.001-1) with about 70 % percent of the observation being between 0.01 and 0.1. Figure 2b plots the ethane content as recorded in the raw gas composition database against the content of propane, butanes and pentanes, with which positive correlations are observed. Based on these relations, the content of C 3 to C 5 alkanes may be estimated from the ethane content. Hydrocarbons in the C 2 to C 5 range are dominated by ethane that occurs in amounts between two and three times the amount of propane and making up about half of the total amount of C 2 to C 5 alkanes. Atmospheric measurements of these higher alkanes next to ethane could be used as an additional fingerprint (e.g. Petron et al., 2012; Dalsøren et al., 2018 ) but this is not further discussed here.
Other sources of ethane in Europe
Ethane emission in 2011 from other sources in the EU can be derived from the TNO-MACC_III non-methane volatile organic carbon (NMVOC) emission inventory, using a source sector specific NMVOC speciation profile (Kuenen et al., 2014) . The inventory includes leakage of ethane during production, transmission and distribution of conventional natural gas. Ethane represents about half of the total NMVOC from this source sector, in line with the composition as shown in Fig. 2b . Ethane is also released by high and low pressure venting during and following the production of crude oil, with an assumed overall ethane to NMVOC ratio of 6 % (USEPA, 1988). In 2011, oil and gas production was responsible for a total ethane emission of 80 kt in the EU. Ethane is furthermore an important component of NMVOC released from combustion processes such as household combustion, as well as the open burning, of wood and other herbaceous matter. The ethane content from this source is assumed to be 5.8 % of total NMVOC (Veldt and Berdowski, 1995) resulting in a total release of about 120 kt. Industry (e.g. petrochemical industry and petroleum refining) is a moderate ethane source, accounting for about 70 kt. Some ethane is also released from gasoline-fuelled mobile sources, with an ethane to NMVOC ratio of 1 % to 2 %, resulting in a release of 24 kt. Total ethane emission in the EU in 2011 is estimated at about 290 kt.
Results

Prediction of ethane content in European shale gas
Ethane is proposed as a useful tracer for gas leakage in Europe as it is nearly always present as a significant component of the higher hydrocarbons (C 2 +, Fig. 2b ) in raw natural gas. Depending on the gas field, its molar fraction can however vary widely (Fig. 2a) and this degree of variation cannot be adequately characterized by an overall average only. Therefore, a way to approximate ethane concentrations in raw shale gas based on reservoir characteristics was sought. Thermal maturity of the reservoir, which is a known and fairly basic shale gas reservoir characteristic, is found to be the most practical predictive proxy. Thermal maturity is an indicator of the thermal history of a reservoir rock, and it is assessed by vitrinite reflectance of the organic fraction of the rock (kerogen). The generation of new hydrocarbon species during the geological history of the reservoir is controlled by the temperature (generally the maximum temperature, T max ) that this material has experienced. Since shale gas has never migrated out of its source rock (contrary to conventional gas) there is a direct relation between the gas composition and the thermal maturity of the reservoir. Thermal maturity can therefore be used to predict whether a shale gas play contains "dry gas" or "wet gas", unless the shale gas has a biogenic instead of thermogenic origin. Gas "wetness" is defined here as ( C 2 to C 5 ) / ( C 1 to C 5 ). If this ratio is below 0.03 the gas would be considered dry and for a wetness above 0.03 the gas is considered wet (Tissot and Welte, 1984) . The main phase for oil and wet gas generation usually occurs in the range 0.65 %-1.3 % Ro (Kuuskraa et al., 2013) . This range is also adopted by Kuuskraa et al. (2013) . Dry gas is instead generally generated by rocks with an Ro ≥ 1.3 % (Kuuskraa et al., 2013) . Since the transition from an oil-to pure methane-bearing source is gradual, source rock with Ro ∼ 1.3 % belongs to the "transition zone", where the characteristics of "wet" and "dry" overlap. Kuuskraa et al. (2013) regard a Ro ∼ 1.3 % to be the start of the dry gas zone while Killops and Killops (2005) regard a Ro ∼ 1.3 % to be firmly in the wet gas region, illustrating that there is no universally accepted classification. The more Ro moves further from the "wet" to the "dry" region, the lower will be the content of C 2 -C 5 hydrocarbons, until above an Ro of 3.5 % all higher hydrocarbons are destroyed. Both Berner (1989) and Whiticar (1994) relate the relative amounts of ethane in natural gas to the thermal maturity of the source rock. Their observations applied, however, only to a limited number of conventional gas fields and may be too specific to directly apply to European shale gas reservoirs in general.
For the shale gas plays under consideration in this study average overall Ro values are found to be (1) across the boundary between dry and wet gas with Ro around 1.3 % (Bowland and Lublin Basins and a large part of the Paris Basin); (2) below the transition of wet/dry gas with a Ro < 1.3 % (Polish Baltic and Podlasie Basins, French Paris Basin and Dutch Posidonia Shale); or (3) fully in the dry gas window with Ro being firmly above 1.3 % (largest parts of the Baltic and Podlasie Basins and the entire Alum Shale, the German Posidonia and Dutch Geverik). Because there is almost no data available on compositions of raw shale gas in Europe, a parallel is drawn to conventional natural gas. Furthermore, given the high uncertainty involved when using the average source rock Ro to predict average ethane content, only three indicative ethane to methane ratios are proposed and assigned to the shale gas plays for the range of Ro values observed (Table 1 ). The ratios are defined for wet gas, for the wet/dry transition region (representing the majority of the observed ethane to methane ratios in natural gas), and for primarily dry gas. The C 2 /C 1 (ethane to methane) ratios associated to these three gas composition groups are 0.1, 0.04 and 0.015, respectively. Should shale gas really be produced it will be easy to measure the average actual ethane content and the derived values proposed here should be replaced. Bullin and Krouskop (2009) report shale gas composition data for several major shale gas plays in the US, together with qualitative geographical data on gas where sampling took place. Combining the indicative well locations with maturity maps of North American shale gas plays and comparing the reported ethane with derived Ro data roughly confirms our assumed ethane contents for the European shale gas plays (data not shown). The assumed ethane contents also agree quite well with the data by Berner (1989) and Whiticar (1994) .
Calculated releases following the production scenarios
Total annual release of the tracer ethane from potential shale gas production in the EU can be estimated by combining annual shale gas production rates (High, Medium and Low pro- Figure 3 . Ethane emissions from all European shale gas plays considered under varying production and leakage scenarios; Low, Med and High indicate low, medium and high production scenarios. The percentages indicate the assumed upstream leakage of gas.
duction scenarios) with leakage rates between 0.2 % to 10 % and the estimated ethane content in each play, varying between 0.1, 0.4 and 0.015 C 2 /C 1 , depending on thermal maturity. The range in C 2 /C 1 ratios accounts for the variability in ethane to methane ratios in (shale) gas. However, as seen in Fig. 2a , even within one play or one class of thermal maturity (e.g., dry gas) there will be variation in ethane content. This variation is currently not accounted for and it is strongly advised to use real measurement data by shale gas play once such data become available. The resulting total annual ethane emissions, varying from 5 to 1200 kt, for sixteen scenario-leakage rate combinations, in ascending order, are shown in Fig. 3 . There is clearly overlap between scenarios. For example the Medium, Low and High production scenario with respectively 2 %, 5 % and 1 % leakage rates result in approximately the same total emission (Fig. 3) . On average low leakage rates (< 0.5 %) result in emission below 60 kt yr −1 , medium leakage (between 0.5 and 2 %) in emission in the order of 25 and 240 kt yr −1 and high leakage (> 2%) in emission of about 100 to 600 kt yr −1 , and up to 1200 kt yr −1 in case of extremely high leakage (10 %) in combination with the High production scenario. In Sect. 3.2 existing ethane sources in Europe are estimated to emit 290 kt yr −1 . Based on the various derived ethane to methane ratios, European ethane emission between 5 and 1200 kt yr −1 would be accompanied by methane releases ranging between 100 kt yr −1 to 25 Mt yr −1 . For comparison, the total EU methane emission in 2015 was about 18 Mt. Hence the "High production with high leakage" scenario would cause a dramatic change of the European methane budget.
Conclusions
To facilitate the monitoring and mitigation of methane leakage from a future shale gas industry in Europe we developed potential production scenarios and propose ethane as a suit-able tracer in (shale) gas to distinguish oil and gas related emissions from other methane sources. Using the data from a raw natural gas composition database (Doornenbal, 2010) and the relation of gas composition with thermal maturity, we estimated the expected ethane content by play. By combining the leakage range of 0.2 % all the way up to the extreme case of 10 %, the feasible shale gas production in Europe and the predicted ethane content by shale gas play, a data set of potential methane and ethane emissions is prepared. The projected shale gas leakage range for the tracer ethane is compared to the estimated current ethane emissions from other sources in Europe. Especially for high leakage rates, shale gas-related emissions would easily dominate the European ethane emissions. Starting from the Medium production scenario, shale gas leakage would be significantly influencing total ethane emission from 2 % leakage and up (about 100 kt yr −1 ethane emission) and would start to dominate emissions at 5% leakage (∼ 300 kt yr −1 ethane). The 2 % leakage is close to the recently published 2.3% leakage of gross US gas production based on 30+ studies accounting for ∼ 30 % of US gas production (Alvarez et al., 2018) . The spatially distributed emissions data can be used as input for an atmospheric chemistry and transport model to predict possible changes in methane and ethane concentrations in the atmosphere following the various scenarios. As a follow-up of the work presented here we aim to investigate if the existing monitoring capacity for atmospheric composition in Europe can be used to detect significant leakages from a potential future shale gas industry in Europe. Such a system could function as an early warning system and assure that (shale) gas production is performed as climate friendly as possible, i.e. ensuring lowest possible methane emissions to the atmosphere.
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